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This document defines a new method of reliability prédiction for
complex systems. The method involves calculation of both upper and
lower bounds, and a procedure for combining the two to yield an
approximately true prediction value. PBoth mission success and crew
safety predictions can be calculated, and success probabilities can
be obtained for individual mission phases or subsystems. Primary

failure per subsystem, and the results of these evaluations are then
used for analyzing multiple failure cases. Extensive development is
provided for the overall mission success and crew safety equations
for both the upper and lower bounds. Sufficient explanation of
individual phase and subsystem equations is given so that their
deviations can be determined easily by the reader.

Following the main body of the report, a short appepdix is provided
which delineates theé specific data required from tHe reliability
analysts. The objective of the method was to simpJify the data
requirements as much as possible, and to include the resulting
complexity in the prediction method itsey’/." i
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A .omputer program was developed to perform the cflculations ‘ v
iniicated by the equations. To optimize computerjutilization, the
program deviates from the text with respect th sequence of the -\
mathematical operations. An explanation of the program is a ot
second appendix to this réport. A sample he computer output »
is a third appendix. It 3
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ABSTRACT

THIS DOCUMENT DEFINES A NEW METHOD OF RELIABILITY PREDICTION FOR
COMPLEX SYSTEMS, THE METHOD INVOLVES CALCULATION OF BOTH UPPER AND
LOWER BOUNDS, AND A PROCEDURE FOR COMBIWING THE TWO TO YIELD AN
APPFROXIMATELY TRUE PREDICTION VAIUE, BCTH MISSION SUCCESS AND CREW
SAFETY PREDICTIONS CAN BE CALCULATED, AND SUCCESS PROBABILITIES CAN
BE OBTAINED FOR INDIVIDUAL MISSION PHASES OR SUBSYSTEMS, FPRIMARY
CONSIDERATION IS GIVEN TO EVALUATING CASES INVOLVING ZERO OR ONE
FAI""JRE PER SUBSYSTEM, AND THE RESULTS OF THESE EVALUATIONS ARE THEN
USED FOR ANALYZING MULTIPLE FAILURE CASES, EXTENSIVE DEVELOPMENT IS
PROVIDED FOR THE OVERALL MISSION SUCCESS AND CREW SAFETY EQUATIONS
FOR BOTH THE UPPER AND LOWER BOUNDS, SUFFICIENT EXPLANATION OF
INDIVIDUAL FHASE AND SUBSYSTEM EQUATIONS IS GIVEN SO THAT THEIR
DEVIATIONS GAN BE DETERMINED EASILY BY THE READER,

FOLLOWING THE MAIN BODY OF THE REPORT, A SHORT APPENDIX IS PROVIDED
WHICH DELINEATES THE SPECIFIC DATA REQUIRED FROM THE RELIABILITY
ANALYSTS, THE OBJECTIVE OF THE METHOD WAS TO SIMPLIFY THE DATA
REQUIREMENTS AS MUCH AS POSSIBLE, AND TO INCLUDE THE RESULTING
COMPLEXITY IN THE PREDICTION METHOD ITSELF,

A COMPUTER PROGRAM WAS DEVELOPED TO PFRFORM THE CALCULATIONS
INDICATED BY THE EQUATIONS, TO OPI'IMIZE COMPUTER UTILIZATION, THE
PROGRAM DEVIATES FROM THE TEXT WITH RESPECT TO THE SEQUENCE OF THE
MATHEMATICAL OPERATIONS. AN EXPLANATION OF THE PROGRAM IS A .
SECOND APPENDIX TO THIS REPORT. A SAMPLE OF THE COMPUTER

OUTPUT IS A THIRD APPENDIX.
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RELIABILITY PREDICTION METHODS FOR THE APOLLO SPACECRAFT

SUMMARY

The complexity of the Apollo Spacecraft and missions has necessitated
a reevaluation of methods for prediction of reliability, It has been found that
exact analytical methods are either difficult to define or so detailed or com-
plex that they cannot readily be used. Sume degree of success in performing
predictions has been achieved through the use of simulation models (Monte
Carlo techniques). However, these have proved excessively expensive,
particularly when very high overall reliabilities are involved. This is
because the degree of accuracy is dependent on the number of simulation
trials, and a greater number of trials is required for the same degree of
accuracy for high reliabilities than for lower reliabilities.

As a result of these limitations, attempts have been made to calculate
reliability prediction numerics by using approximate analytical methods.
Some of these approximate methods involve calculation of only a lower
bound, and provide sufficient proof that the true prediction number is higher
than the calculatéed number. How much higher, however, has been difficult
to determine, even approximately. The original method used by S&ID over-
came this difficulty by calculating both an upper and a lower bound and, by
an empirical method, computing an approximately true value. The upper
bound was found by subtracting failure cases from unity, while the lower
bound was found by adding success cases. All calculations were performed
~using desk calculatrrs and manual methods, with the resulting limitation
that only simple success and failure cases could be considered. This led
to considerable differential between the two bounds. An important advantage,
however, was the ability to detect inconsistencies and anomalies in the input
data and secure rapid correction,

Since development of the previous approximate analytical method,
further expansion of the techniques has been made so that »1l cases can be
considered. This was made possible through thorough evaluation of both
the original input and output numerics and determinatioh of error magnitudes
that could result from the approximations necessary for considering cases
involving multiple failures. More exact calculations are used for zero ind
one-failure cases, resulting in consideration of a higher percentage of the
total number of cases. The number of multiple -failure cases is thereby
reduced to a level where the simplifications used would not significantly
affect the overall results. The modifications, greater exactness, and
expanded number of cases led to utilization of a computer program to
perform the numerical operations, while still permitting visual (manual)
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evaluation of input data, The current methods apply to calculation of crew
safety probability and also provide for determination of mission and crew ’
loss probabilitics by individual subsystem or phase., The computer per-
forms essentially the same calculations described here, although the order

is sometimes varied to facilitate optimum computer utilization,

MISSION SUCCESS - UPPER BOUND

‘I'he upper bound of the reliability prediction range for mission suc-
cess is found by considering failures and, in effect, subtracting these from
unity, Only series elements in the mission continuation logic diagrams are
considered. Mission success occurs when no series element fails in any
subsystem in any phase of the mission—_ that is, the probability of mission
success is the product of the reliabilities of all series elements. Element
reliabilities are first combined into subsystem reliabilities from which the
mission success probability is calculated.

where
RMS is the probability of mission success;

Ri j is the reliability of subsystem i in phase j;
1]

m is the number of phases; and
n is the number of subsystems

An exponential model (constant failure-rate system) is assumed except
for single -shot components. This approach is realistic because components
are pretested and then operated within their normal useful life. It also
facilitates calculations by making possible the suitable combination of
reliabilities of various components, The exponential model is also used
in all other predictions discussed in this report.
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MISSION SUCCESS - LONER BOUND

The lower bound for probability of mission success is found by adding
success cases. [t can be easily shown that for Apollo mission phases, when
three or more possible paths exist, the resultant failure probability of the
redundent components is less than 1 x 10-Y in all cases of current configura-
tions. Therefore failure probabilities of components in such parallel paths
are not included in the computation. All other components are included,

The success cases considered are those in which no failure occurs in
any included component and those in which not more than une non-series
.omponent fails. Assuming the following simple logic diagram for one

subsystem in one phase - 01 l T }
E F

the probability of mission success is found by adding the probability of no
failure of any component (A through F) to the sum of the probabilities of

a failure of any one non-series component (C through F), the other com-
ponents not failing.,
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where

Ry is the reliability of component k of

subsystem i in phase j;

tto
-
Cte

Qf(i j is the probability of failure of a non-seriés
'* component of subsystem i in phase j; and

Rl"i j is the reliability of the non-series component.
’

-Qk,

Since Rki j = e L] where Qki f is the probability of failure of any included
1 ’ .

component in subsystem i in phase j;

-ZQk. Qxk.
e
Ff 1, ki,j

However, Rf‘i j is frequently very close to unity for any one phase, and may
14

then be omitted from the calculations giving the resulfs

-2Qk. .

1, ) 2
R, ,~e 1+2Q,. . 2
L) ( Qk1aJ) (2)

Equation 2 ie referenced later in this report, and its derivation is
-important to the analyses. When Ry is greater than 0.999, as is almost
always true, Equation 2 is exact. The equation facilitates the rapid sum-
mation of individual component failure probabilities with minimum calculat-
ing time. (When Ry is less than 0.999, it is used in the calculation of
Equation 2. Equation 2, as shown, will be used in this report, rememtering
that Rf( is considered in the calculations, when appropriate.)

The subsystem-phase reliabilities are combined to obtain the overall
mission success probability. Only one non-series failure per subsystem is
considered, although any number of subsystems may have a failed component.
The following notations are used for simplification:

Fi,j = ZQki' and Fi,j = ZQxk.

J i, j

SID 66-744
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Equation 2 thus becomes:

-F,

R, j=e J1 + B ) (3)

The probability of no failures in subsystem i in phase j is:

-F, i
e (4)
and the probability of exactly one non-series failure is;
e "IxF, (5)

1,)

NOTE: In the lower bound case calculations,
F includes both series and parallel
components,

Since only one failure per subsystem is considered in the mission,
the reliability of a subsystem is calculated by summing the probability of
zero failures and all cases of the probability of one non-series failure.

-F, -F.Z -F.3 -F,
Ri=e Xe X e L Xesoesol

oo e e
s e 00

+ Fi.z + Fi’3+. .o .Fi'm)
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R _ e'(Fi’ I+Fi. 2+Fi. 3+9'¢-Fi' m)
i
-(Fi 1+Fi 2+Fi 3+"..Fi m) . » * F“
+e ’ ’ * ] X(Fi'l+Fi.2+Fi.3 +0--o i,m)
3 > z
= o F. o ‘.‘-"F. dm e e F. m
___e_;—l 1,J+eJ-l I,JEF. :eJ-—l l’jl-l-Ef‘,, (6)
=174, § =174,

NOTE: To simplify calculations, the original
phase logic diagram associated with
each phase is retained although it is
recognized that a failure of a non-
series element in one phase slightly
modifies the logic diagrams for suc-
ceeding phases. This aoproach is
consérvative because acwally fewer
components need be considered in
phases subsequent to the failure.

The reliability of the system is the product of the reliabilities of all
individual subsystems (from Equation 6):

n n | -Z F, . m n (-ZF, . 3 £
= II = II J=1 1,) p2 - = II ( J-l k. X'H (1 t .z F )
RMS i:lRi i=1 e 1+ j:lFi: J) i=1 e i=1 =174,
3 z 5, )
-ZF . -ZF_ "t Fn i) B n
=171 =1 29 =1 :
- e J 'J Xe J J Xeso€ J n’J xilc_"-'Il (1 +j§1Fi9j)
nw
S < F, m
LEATS e ) o

A small increment of mission success,

AR)yg, is added to Equation 7.
This is obtained from Equation 35,

SID 66-744
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It has been found empirically that an approximatei; true value of the
failure probability can be obtained by taking the square root of the product
of the upper and lower values of the probability of failure. From this, it
follows that

Rys =1 =V(1 -Ryg)  x(1-Ryg)
upper lower
(8)
m
n
“iE1F n m
=1-\\1 - &7} VL F ﬁ‘(u-%” )+ AR
' N =1, 5 MS
(from Eq. 1) (from Eq. 7) (from
Eq. 35)
NOTE: F in RMS considers only series components;
upper
FinR congiders both series and parallel components,
lower
CREW SAFETY - UPPER BOUND
The upper bound for crew safety is the sum of the probabilities of
mission success (MS) and all possible safe aborts (SA) resulting from the
failure of a series component.
. Res * Rms t Rga (9

As in the case of the mission success upper bound, it is actually found by
considering failures and the probabilities of their not occurring.

The probability of a safe abort is the product of the probability that
an abort is required times the probability that it is successful. As a very
close approximation, an abort is considered to take place at an average time
of half way through the phase in which it is necessitated. (The greater the
number of phases and the shorter each phase, the closer the approximation. )

SID 66-744




| » NORTH AMERICAN AVIATION, INC. ((@) SPACHE and INFORMATION SYSTEMS DIVISION

Each abort case is calculated as a mutually exclusive event, thereby
. permitting the simple addition of all abort cases considered. An abort case
is computed by taking the product of the following terms:

a. The probability of mission continuation (MC) for all subsystems
up to the phase in which the abort occurs, (no series failures).

b. The probability that all subsystems except the one that failed
perform satisfactorily for an average time of one-half of the phase
in which an abort is required.

c. The probability that, in the phase, the subsystem under consider-
ation incurs a failure that requires but does not preclude an
abort—i.e., failure of a component that is in series in the MC
logic diagram but is not in series in the SA logic diagram.

d. The probability that all subsystems except the one that failed
perform satisfactorily during the abort—i.e., no failure of a
series component in the normal abort logic diagram.

e. The probability that the failed subsystem performs satisfactorily
during the abort-—that is, incurs no failure of a series element
in the modified abort logic diagram. The seriés elements in the
modified diagram include the original series components plus the
average number of additional components which become series
elements as a result of the failure which occurred in the mission.

The terms a through e are found as follows:

a. Reliability of all subsystems up to phase of abort

phasrtf-l
':?glF. .
phase-1 1:1 1)
= fi'R, . = ¢ (10)
1—1 1,
=1

Derivation of this equation is the same as that for Equation 1.

SID 66-744
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b. Probability that all other subsystems perform for one-half of
abort phase

phase - 4
phasa.]a -4 iﬁ Ry, ;
n= =l
= l;] Ri.j = ! Ehase 1
j=phase -1 phase -3
R
1,
jephase ~1
n + 1 F
> 1 BF, 1
-%lei'i ¢ T2 iF1 b xe m "
= e,Falr;)rt phase ; j=abort phase (11)
1
-3F
2 .
e nJ ;
c. Probability that subsystem n fails in phase j i
’ i %Fn J / . )
=R XF ,=e TUXE (12)
n,} n,J j

j=abort phasré'

Derivation of this equation is similar to that for Equations 2 and
5, except that Fy represents failures of subsystem n that require
but do not preclude an abort, and the average time of abort is
half way through the phase.

d. Probability that all other subsystems perform satisfactorily in
abort

ﬁRi, j» abort

21 _i=1
- ?-;LI Ri j,abort R
b n, j, abort

- 10 -
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-2G, . -2 +G
i=171,) i=171,) Xes vJ

. - (13)
¢ M

where Gi,j is the failure probability of subsystem i in abort in
phase j.

e. Probability that subsystem n performs satisfactorily
in ahoct = fo.j,abort = ¢~Gn, j where GA,j is the modified
failure probability of suhsystem n, (:Gn.j + AGn'j). Therefore,

(G .+AG )

’ - n,J n,)
. = €

n, j, abort

(14)

Equations 10 through 14 are multiplied together to ohtain the proba-
bility of safe abort of one subsystem in one phase.

phase-1
S L 3
154, 5 “250Fy, ) /o
=1 +3F . -sF
R =\e 7 x \e xe Ixle  mIxF!
SAn,; j=abort phase e
' J=a P j=abort phase

n

'.‘_‘310.. +G (G .+4AG )
x\el™ M yxeo ™If x\e W™ ik

phase-1
n ! nG. .
".§ F, . 'Z.§ ¥, . "'.z itJ
i=l' i, j i=1" 1, j i=1 -AG
= J71 X e XF' _ Xe xe ™I (15)

When the abort is caused by failure of the Service Propulsion System
(SPS) in the mission, another abort method may be used, depending on the
mission. This may result in a changed abort logic diagram for the Service
Module Reaction Control System (S/M RCS) and, in some cases, for other
_subsystems. A new probability of failure in abort, GGj, j, is substituted
for Gi. . for the affected subsystems, where applicable, thus modifying
Equations 13 and 15. This is done before summing Rga,
]

J

- 11 -
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The total number of safe aborts is the sum of the RSAi j terms;
’

m
n

Rgp © i.z_,‘l RSAij (from Equation 15 or modified 15) (16)
gr_ v .

The overall upper bound for crew safety is the sum of Equations 1 and 16

R =R + R 9
Csupper MSupper SAupper 9

CREW SAFETY —LOWER BOUND

The most complex case is the lower-hound prediction of crew safety.
The major reason for this complexity is the inability to account analytically
for cases of multiple failures. Although analytical models and computer
programs have been developed to evaluate multiple failures occurring in
one phase, the failure probabilities cannot be evaluated when they occur in
different phases, which is many times more likely. Consequently, an
analytical method has been developed which provides a very close approxi-
mation to the true answer, and which can be shown to be on the conservative
side, thereby providing a lower bound.

The lower bound for crew safety is found by adding the probability of
mission success, all cases of the probability of safe abort with no more
- than one failure per subsystem in the mission and in the abort, and all
other cases of safe abort. 'The first two of these probabilities are computed

directly; the third utilizes a method of differénces discussed in succeeding
paragraphs.

The probability of mission success is obtained from Equation 7. The
probability of safe abort with no more than one failure per subsystem is
calculated as the product of several probabilities. However, there is more
complexity in these calculations than for the upper bound because, for the
lower bound, both series and parallel components are considered, and each
subsystem may have one nonseries failure in either MC or SA or both.

(The system which necessitated the abort has a noncatastrophic series
failure in MC.) The failure permitted during abort depends on the condition
of the system when the abort is started.

The probability of zero or one failure up to the time of abort is cal-
culated from a modification of Equation 7. Equation 7 defines the reliability
for all subsystems for all phases. This is modified by summing the number
of phases from phase one to half-way through the phase in which the abort

-12 -
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occurs, (phase - 1/2). The sum of failure probabilities from phase one
through (phase - 1/2) can more casily be expressed as the sum from phase
one through (phase -1) plus one-half the failure probability for th. phase:

j=abort phase~) phase-]
EF = S FyjtiFy

j=1 J=1
jmabort phase

Since the abort is caused by the failure of a series component in one
subsystem, the changed equation is further modified by dividing by the
reliability of the subsystem which failed. reference Equation 11. The

resulting expression is:

2 (pha;ei_l \

- Fi 5+ aF, . n phase-1

DR N ) M ¥ L,
x JL {1+ jle. jt ek

) ahast’ b
j=al}alort
p== (17)
pha‘se-l
- zF 1
j=1 n,j + "'Fn,j phass‘e;l L

e j=a.lﬁort X\t j:"'an.j t2Fn;

phase j=abort

phase

Subsystem n, which incurred a noncatastrophic series failure in the
mission, had no failure up to the abort phase and no other failure in the
. phacre. From Equations 10 (modified) and 12, this probability is expressed

as:

phase-1l
~Z F_ . 1
it n - F_ .
S Y PR (18)
n,j

j=abort phase

In this set of cases, each subsystem except the one which had the
series failure can achieve a successful abort if not more than one non-
series failure occurs in the abort. (A nonseries failure in MC does not

-13 -
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pencrally affect the abort because a parallel element in MC is at least
triply redundant in the abort logic.) Therefore, the probability of success
of these subsystems im abort is expressed by:

n-1l n G
xoGy oy, on
S - e FU I (14 gy )
J=thort phase X ] N = i =
e ~I=[1 (1+ Gi.J) G - (19)
l e ™Ix(l+G, j)

whoere

G. . is the failure probability in abort in phase j of any included
: component of subsystem i (serics or dual-parallel components);

Gi . i8 the failure probability in abort in phase j of a non-geries
component of subsy . tem i;

G .is the failure probability in the abort of an included component
"“of subsystem n which failed in the mission;

G ) .18 the failure probability in the abort of a non-series component
"“of subsystem n.

Subsystem n, which had a noncatastrophic failure in the mission, has

a modified abort logic. This includes the original components less one or
more parallel components no longer applicable due to the mission failure.
The probabiljty of a successful abort is the sum of the probabilities of no

: -G, . . . -G/ 2!
failure, e““n,j, and of not morethan one non-series failure (e -0, x Gn,j)°
G,',j is equal to Gp,j - AG;,, j where ~AGy, j accounts for the reduced proba-

o S d s, 0]
bility. Gn,j is equal to G, ; - 2AGm° because not only are one or more
components no longer applicable, but their counterparts are no longer in
parallel. Thus, the probability of subsystem n successfully completing
the abort is:

-(G_.-AG ) .
e ™ MIx(1+46 ,-2806 (20)
n,j n,J

The probability of safe abort for the cases of not more than one failure
per subsystem in the mission, for one subsystem in one phase, is found by
taking the products of Equations 17 through 20:

- 14 -
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" n [phasc-] ‘ ]
- Y OF, 4+ LF. . e -
=1\ j=1 Pl'-’f “Fl"l [nl ph.n\gu"l b
e j=abort 7 %X 1+ '“I'i'+dl'i' .
hase 17 =1t ') phiase-1
b paport’ | [ |
phase | [T LT A
Rga .7 phasc-l R N o TNk
n,) anEn Vg j=abort '
-( "g‘an'j * ”bn».i) phu:?e-:] - ! phase
e Y jrabort X (14 X F, b F
phase J” ' j:ubor".
| phase
ad n -
"i'}lai'j i .
X -
© jraboxt " i1 (1 +Gj )
age - P 3 . .
o —F ke AG ) oy G aaG, )
I e-G“'j X (14 G ) jeabort phasge n,) )
jﬂal})‘ort nj' -
phase
n (phase-1 .
-i};l j};ll'i’j + .z‘lfi’j n ])11:1.&:10.—1 L
e x II\1+ X B4 LR
= i=1 1t F!
phase-1 L S Tn,j
1+ Z Fat i
> (21)
n
-3 G
ei=l 1’jxﬁ(l-i-(:‘x )
i= i,j A s b
X T él , oI e+ Gn,j « (1 + an - ZAGn,j)
+ G s ' ’
n,j

The prohability of safe abort for these cases for all subsystems and all

m
n
phases is the sum of all Rgy .+ [ RsA = I Rga. .\:
iyJ i=1 M
j=1
- 15 -

SID 66-744



A S

NORTH AMERICAN AVIATION, INC. \(@) BIACE and INFORMATION SYH PEMS DIVISION®

Y

" n [phase-]
-3 S F: 4 LF. . -
i:l( j=1 ) 1,3) ﬁ phase-l -
e X ) 1+ j.z-.»‘lFi.j + EFi,j

X\l

Rga = 4 phase~1 L
J:l - l + ElFrb'j + ‘Fn.j>
n
-3 G. .
(<] x“. + i 3
= ’ A : *
X F;l | x i=1 L o Gn, j "(”Gn.j'ZAGn,j) (22)

(1+ c’:.n.j)

As in the upper bound case, failure of the SPS in the mission may
cause a changed abort mode, and result in changes in the abort logic proba-
bilities for affected subsystems. These are appropriately incorporated into
Equations 19, 21, and 22,

The final group of cases —safe abort with more than one failure in the
mission in one or more subsystems —utilizes a method of differences.
Several probabilities are considered. The sum of these probabilities is
equal to the probability of getting to a phase so that, if any one probability
is unknown, it can be found by taking the difference between the probability
of getting to the phase and the sum of the other probabilities. This fact is
used to evaluate cases of multiple failures and, ultimately, ¢rew safety.
The probabilities that are summed are:

1. The probability of catastrophic failure;
2. The probability of mission continuation;

3, The probability of an abort with no more than one failure per

subsystem. N
These are then subtracted from the probability of getting to the phase, and
all remaining cases are considered to be attempted aborts.

1. Because the lower bound of crew safety is being computed, calcu-
lation of catastrophic failures is performed so as to yield a probability that
is on the high side rather than the low side. The overall probability of a
catastrophic failure in any phase is a function of the probability of getting to
the phase and the probability that a catastrophic failure occurs in the phase.
Since a catastrophic failure is the failure of a component that is in series in

- 16 -
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both the MC and SA logic diagrams, the probability that a catastrophic failure

.occurs in a phase is the same for both the upper and lower cases. The vari-

able involved is the diffecrence in the probability of getting to the phase. A
higher probability of getting to a phase will result in a greater number of
catastrophic failures in the phase. Therefore, when calculating catastrophic
failures for the crew safety lower bound, the probability of getting to a phase
is obtained from the upper bound MC model, This is found by using
fquation 10,

Since the catastrophic failure occurs in one subsystem and at an average
time of one-half way through a phase, the other subsystems are satisfactory
for this period of time. The probability of these suhsystems being good is
obtained from Equation 11.

Finally, the probability of a catastrophic failure is found by modifying
Equation 12 to include the probability of a catastrophic failure instead of a
noncatastrophic one.

Probability of a catastrophic failure equals

‘% Fn j '
Y(F_,-F . 23
e (F.; n,J) (23)
j=abort phase

The overall probability of a catastrophic failure for one subsystem (n) in
one phase is the product of Equations 10, 11, and 23:

phase-1
-2 F: s -1 -
i:% LJ zi:l il - .
j= +iF_ “iFp /
P = J X Xe 2 n x[ 2%n,j - .]
CFp,j = ° Sjmaport < "/ X|e T IE, mFa g
phase
phase-1l
n , B
?ip Li o "2 P
= - X X . -F' .,
e e (Fn.J Fn,J) (24)

The total probability of catastrophic failure of all subsystems in one phase
is the sum of the individual subsystem probabilities.

-17 -
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; n F Lo

BT R

: = - X X(F. . -F'
Pcr, z € € (F,5 - 8,5
) 1=l

3 phase-l

n B

’-% I RN

T‘- = j=1 x x 2 - !

2. Since the crew safety lower bound is found by summing success
cases, conservative values of mis sion continuation utilize lower bound
mission success probability calculations. Equation 7 is modified by
appropriately changing the limits of the summation.

it W g
LIRS

n phase
; -Z ZF:: n phase
\ i=l j=1 ) .
- R =e x ITl1+ 2 ¥, . 26
MC; 1-.:1( =1 1.J> (26)
¢ 3. The probability of an abort in a phase with no more than one fail -
1 ure per subsystem is found by summing the products of Equations 17 and 18
: for all subsystems. This is comparable to summing the terms of Equa-
E tion 21 after deleting those terms concerned with probabilities of successful
{ abort.
L
; n <phase-l . )

-z Z F; it 2F;j hase-1

- s= Jiaty) n P ase. .

: eil j=1 7 x II (1+ Z F; i+ 3F, .
P - i=1 FrB 2 Biypr | @
: abort,j & phase-1 L k,J
. 1+ JEIFk’j t EFk:j J

The probability of remaining abort cases per phase is found by sub-
tracting Equations 25, 26, and 27 from the probability of getting to the
phase (Equation 7 modified). Remaining abort cases ;.

n phase-l

SID 66-744

_ -3 P> F, .

! i=1  j=1 L) n phase-1 .

1 = e x 11 {1+ =  F, .} - |(25), +(26). +(27) ] (28)
=1 j=1 ij J j J
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The question arises as to whether some cof these remaining cases

might be mission continuation cases rather than abort cases because, if

they are MC cases, there will be some additional probability of a catastrophic
failure in a later phase. However, the probability of catastrophic failure is
already based on maximum probability of mission continuation (Equation 25)
and includes all possible cases of catastrophic failure. Therefore, for

crew safety calculations, it is correct to treat all remaining cases as abort

cases,

The probability of achieving a successful abort ig, of course, a function
of the configuration of the system when the abort is initiated, Since it is not
feasible to separate the remaining cases into groups according to which
subsystem failure necessitates the abort (because of the complexity resulting
from multiple failures), it is necessary to empirically determine an average
abort logic applicable to all subsystems which will be conservative, yet not
so conservative as to result in an unrealistic number of abort failures.

Two approaches are possible. The first approach is to determine a
simple series configuration for each subsystem. This, however, is overly
conservative because most subsystems will still have parallel capability.

The second approach, used here, is to assume an average of two
failures per subsystem in the mission and appropriately modify each sub-
system abort logic. It can be shown that this is very conservative because
most subsystems will have incurred less than two failures, and many will
have no failures. The Poisson distribution—which applies to conditions
in which there are many opportunities for failure but only a small probability
of failure at any one opportunity, a typical situation for spacecraft—is
utilized. The probabilities of zero and one failure in a subsystem are found,
and the appropriate Poisson values are determined. From these, the typical
average number of failures per subsystem is well below 1. 0 and never above
2.0. Therefore, the probability of successful abort for one subsystem in

one phase (RS/:A ) is found by modifying Equation 20 to take into account
i,j

two mission failures. This modification is, in itself, conservative because

it accounts for noncatastrophic mission failures which have the greatest

effect on safe abort probability.

-(G, ., -248G, )

b P+ G, -44G 29
L+ Gy 548G, ) (29)

n
(o]

A =
RSAi . Abort prolo.i'j

vJ
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The number of such safe aborts per phase is found by multiplying the
number of remaining abort cases in the phase (Equation 28) by the probability
n

of all subsystems being successful, (iI“Il Equation 29).

phase-1

i . n
RS, ={e xifgll 14 j§1 F -l(zs)j+(26)j+(z7)j] x I1(29)
(30)

The total number of such safe aborts is obtained by summing the
number for all phases (z) in which an abort is possible.

A - F-3 2
Réa j=1 Rsa j=1 (30) (31)

J

In addition to these aborts, the remaining cases which occur during the
final mission phases (return, reentry, and post landing) must be considered.
The number of these cases is found from Equation 28 in the same manner
as for other phases except that Equation 27 is deleted (its value is zero).

Z Z

The probability of a successful abort, however, cannot be obtained from
Equation 29 because there are no separate abort ¢configurations for these
phases. To find this probability, the mission success probability for the
remaining mission phases, starting half-way through the phase being considered,
is determined. This is found from Equations 7 and 26.

Z Z F, .
R e WIFL LIH (14 TF,
_Ms  _ =1\ 3=l %)

remain. R - n phase-;

n m rzn .
i=1 j=phase-} F, tea

n

o

X .
oo
A

-
n =
—t

o~
+

o)

1
"My
- @

'
[ %)
y
.“O

Cte

\_/

-

w

™

S
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The number of successful cases is found by multiplying Equation 28
by Equation 32 for each remaining phase.

-~= =y LJ n hasezl
rA =le ¥1 F1 ML (14 PR ) - [@9) 4260, ] x [Ba. 2)]
SAj i=1 j=1 b)) J J
(33)
The total number of these cases is the sum of the cases for these

phases.

m m

RA = = RR = = (33 (34)

A
SA  jeztl SA;  jeatl

RSAA for the post landing phase, because a successful landing has been
J
accomplished, is considered to be mission success as well as crew safety,
and is added into-the MS total rather than the SA total. Since the post landing
phase is phase m, Equation 32 reduces to approximately unity and the addi-
tional number of mission successes is found directly fr. 1 Equation 28 applied
to phase m.

AR, = Eq. (28) (35)

Equation 34 is therefore modified by deleting the last phase from the

A
A .
RS \ totals

RA = "gi (33) (36)
j=at

Finally, the lower bound for crew safety is found by adding the lower
bound for mission success (Equations 7 and 35), the number of safe aborts
when not more than one failure per subsystem has occurred (Equation 22),
and all other cases of safe abort (Equations 31 and 36).

Reg =R +R + RN + RA
lower lower lower lower lower (37)

The overall crew safety reliability is found in the same manner as
mission success reliability.

Rog =1 -\ - Regdynner XU - Roghiower (38)

.21 -
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PHASE RELIABILITIES .

To determine the reliability of each phase, the upper and lower bounds
are determined and suitably combined as shown on page 8 and by Equation 38.
The appropriate cquations are referenced below although detailed derivations
are not presented.

The mission success upper bound for a phase is simply e~ZFi for that
phase as indicated in the discussion on pages 2 and 3. The mission success
lower bound is found by dividing the probability of getting through the phase,
(Equation 26, j=1 through phase), by the probability of getting to the phase,
(Equation 26, j=1 through phase -1).

The crew safety upper bound index is found by subtracting failure cases
from unity. The probability of catastrophic failure is obtained directly from
Equation 25. The probability of abort failure is found by summing the
probabilities of safe aborts in a phase (summation of Equation 15 for all
subsystems in the phase) and subtracting this sum from the abort attempts.
The attempts are found by summing the products of Equations 10, 11, and 12
for all subsystems in the phase. The crew safety numeric obtained in this
manner is an index rather than an exact calculation because the number of
failures relates to the particular mission rather than to an independent phase.

The crew safety lower bound is found in the same manner. The prob- & A

abilities of catastrophic failure, abort failure with zero or one mission
failure, and other abort failures are summed, and this sum is subtracted
from unity. The probability of catastrophic failure is again obtained directly
from Equation 25. The probability of abort failure with zero or one mission
failure is the difference between the abort attempts and abort successes—
Equation 27 minus the summation of Equation 21 for all subsystems in the
phase. Finally, the probability of other abort failures is found by subtracting
Fjuation 30 from Equation 28, or Equation 33 from Equation 28, as applicable.

SUBSYSTEM RELIABILITY

Subsystem reliabilities are found in a manner parallel to that used for
phase reliabilities. The mission success upper bound for a subsystem is
e-ZFj for that subsystem. The mission success lower bound is obtained from
Equation 6.

The crew safety upper bound index for a subsystem is somewhat more
complex. While the probability of catastrophic failure attributed to a
subsystem is found simply by summing Equation 24 for all phases, the abort
failures charged to the subsystem must be further divided into aborts caused

-22 -
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by the subsystem being considered and aborts causcd by other subsystems,
When the abort is caused by the same subsystem which later causes crew
loss, the probability of loss is the product of Fquations 10, 11, 12, 13
modified to include half the abort, and (one - Equation 14). When the abort is
caused by another subsystem, the probability is the product of Equation 10,
Equation 11 modified so that n represents the subsystem causing the abort,
Equation 12 also so modified, Equation 13 modified to account for the system
which caused the abort and for half the abort time, and (one - Equation 14
modified). And, if the abort is caused by failure of the SPS, suitable changes
are made when applicable.

The crew safety lower-bound index is found in a similar manner,
The number of abort failures with zero or one failure in the mission is
determined by using Equations 17, 18, 19 and (one - Equation 20), appropri-
ately modified, Because there is no accurate method of determining how
many of the other abort losses are caused by each subsystem, a simple
proportion is used. It is assumed that the percent of these losses per
subsystem is the same as the percent of the other abort losses, and the
probabilities are computed accordingly.
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APPENDIX I, INPUT DATA REQUIREMENTS

The mathematical models which were developed are an optimum
compromise between the amount of effort that would be necessary to provide
very accurate predictions and the degree of error and approximation that
could be accepted without significantly affecting the prediction, Fortunately,
the prediction methods presented herein provide satisfactory prediction
accuracy without necessitating undue effort on the part of the analysts, The
few approximations required from the analysts are such that they will not
affect the overall results,

The following inputs, on a phase-by-phase bauis, are required for
each subsystem:

1. The sum of the failure probabilities of all series elements in MC:

ZQkMC (series) where QkMC = )\kMC x t x K factor (environmental)

x k factor (contingency)

2. The sum of the failure probabilities of those series elements
which are not catastrophic—i.e., series m MC but not series in

abort: = Q’
kMmc

3. The sum of the failure probabilities of the non-series elements in

. Qi MC .
MC (dual redundancy only) 2:<-————> If Rk )¢ is greater than

Rk Mc
0.999, it can be neglected.

4. The sum of the failure probabilities of all elements considered in
MC: ZQy MC (total)

5. The sum of the failure probabilities of the series elements in
> .
abort Qx SA (series)

6. The sum of the failure probabilities of the non-series elements

k SA
in abort (dual redundancy only): T|— . If Ry is greater
Rk g4 SA

than 0.999, it can be neglected.

-25 -
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7. The sum of the failure probabilities nf all clements co =idurod in

abort: %Qy SA (total)

NOTE: In an abort resulting from failure of the SPS, the abort
configurations of other subsystems may be affccted. When this
occurs, sums 5, 6, and 7 will he changed. New sums, b 6:
and 7, are required in addition to 5, 6, and 7,

8. The swn of the average failure probability of additional elements
which become series in abort duc to one non-catastrophic series

failure in the mission: XAQp SA ( ic8)’ This is found hy
serics

determining the average number of additional series elements and
multiplying by the average probability of failure in the abort,

- 26 -
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APPENDIX II, NAA PROCGIRRAM DESCRIPTION

1. Identification
a. Program for the Reliability Evaluation of Apollo Mission ~ REAM -
IM-L46 (APFLLE)
b. Programmer - F. J. Moskal (7/66)
. Space and Information Systems Division (NAA)
Department 41/200-450

2, ME’Q
REAM is designed to generate an Upper and Lower Reliability Bound for

Apollo Mission Success and Crew Safety. These two limite are combined
by RMS caloulations into an approximately true value. Failure pre-
dictions and assessments are caloulated on a mission phase, subsystem
basis.

3. Restrictions
&, REAM is written in FORTRAN IV for use in the NAASYS System.
b. No tapes are required.
c. Maximum of 25 subsystems and 30 phases are allowed.

4. Method
&. Upper Bound Case
Mission Success is determined by:

J=m dwn

MS = axp (- z E Fd,i (1)
ja 4=

- 27 =
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where ?3,1 is the probability of failure in mission of subsystem
in Phase J
n 4is the number of subsystems
m is the mumber of phases

Probability of safe abort from any Fhase J caused by fallure of any
subsystem i is formed by tiree factors and is given by

.l iwn i
Shp,x = | ©P (- 2 2%,1 exp '% sz,i * P,k
J=1 1=l i=]1
"A" IIB"
(2)

ien

«p Q- z%,i exp ¢ = &Gy
i=)

ncn

Factor "A" is the "probability of getting to a phase"
Factor "B!" is the "probability of non-catastrophic failure"
Factor "C" is the "probability of successful abort'

where Fd,i is the probability of failure in mission of sub-
system 1 in Phase J
F 3.1 is the probability of non-catastrophic failure in
mission of subsystem 1 in Phase }
03.1 is the probability of failure in abort of subsystem
4 in Phase

- 28 -
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563’1 is the additional abort failure probability of sub-
system i which failed during mission in Phase ]

n is the total number of subsystems

a is the phase in question

k is the subaystem in question

The abort failure probabilities (GJ,:L) of various subsystems are
modified by the failure in the mission of the SPS (Service Propulsion
Subsystem). This modification occurs in Factor "C" by the replacement

of GJA by & new term md’i for each affected subsystem i as shown
below

i=n
- G, 4
o« Z GG, 4
1=

where ml,i is the modified abort failure probability of sub-

CF'.

systen 1 due to a SPS fallure in phase m

The mmber of catastrophic failures of any subsystem in any phase is

given by
- 3
Jm-]l i dmn
k(9 =% YR (@ o Digyd c BauFay)| )
Swl 4w i=]
L "A" "Dl
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Factor "A" is the "probability of getting to a phase"
Factor "D" is the "probability of a subsystem catastrophically failing

half way through & phase

where Fj,i

4
Fi,i

k

is the "probability of failure in mission of sub-

system 1 in Phase J"

is the "probability of non-catastrophic failure in

mission of subsystem i in Phase J"
is the total number of subsystems
is the phase in question

is the subsystenm in question

The number of abort failures caused b_y f.pa sams subsystem that failed
in mission is caloulated from:

AFSSn’k = | exp

J=uel iwn den
- z 2"3,1 o (-3 2%,1 * Fox
=l i=l i iw]
I'A" - IIBII
e )]
nsn
- 30 -
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A special case occurs when the SPS (Service Propulsion Subsystem) fails
and is backed up by the LEM (Lunar Excursion Medule), The number of

abort failures then becomes

AFSSm, k"=

.
Jemel i=n o
« <= PPy o (=% P Fi
J=ml i1 1=
- (4b)
"Aﬂ "B“
o o]
IIE"

Factor "A" is the probability of getting to a phase
Factor "B" is the probability of non-catastrophic failure

Factor "E" is the probability of abort failure

Fy,4 18 the probability of failure in mission of sub-

system i in Phase

is the probability of non-catastrophic failure in

mission of subsystem i1 in Phase ]

Gy, is the probability of failure in abort of subsysten
i in Phase )

AGJA is the additional abort td.lun probability of sub-
system i which failed during mission in Phase J

4
Fia
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0C4,4 18 the modified abort failure probability of sub-
systen 1 due to SPS fallure in Phase J

n is the total mumber of subsystems

n is the phase in question
is the subsystem in question

The number of abort failures caused by a subsystem that did not cause
the abort is given by

(5a) .

Jem-1l iwn P ) i=n
wsgum (o <= Y Srnl | [S(e® 3 Jfmapr | -
I Jul =l oS im) .
"A" L HF"
1 i=n
op -2 Ty Fau|| |1-®® |- Cak
i=]
"P Cont." . g

A special case occurs when the SPS fails. The abort failure
probabilities of other subsystems are modifed and are reflected in t.hc
f¢ Jowing relationship:
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1-ap C-Oped ||+ | 9P Q=% DPnao ¢ Fapr||L - @< -0y
1=l

Factor "A" is the probability of getting to a phase
Factor "F' is the probability of no fallures of all other subsystems
Factor "E" is the probability of abort failure

Note that scme factors in the special case are not identified. The

probability of no fallures of all other subsystems and the probadbility

of sbort failure are combined into one tern,

(5v)

whers ’a,:. 1s the probability of failure in mission of subsystem

i in Phase
'i,t is the probability of non-catastrophic failure in
aiesion of subsystem i in Phase

- 33.
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Gy A is the probability of failure in abort of subsystem
{ in Phase J

°°.1.1 is the additional abort failure probability of sub-
system 1 which failed 11 mission in Fhase J

0Gj,4 is the additional abort, failuve probability of sub-

sysie 1 dus to SP53 failure i Fhase ]

is the total humber of subsystems

is the phase in question

is the subsystem in question

is the SPS subsystem

® B8 3

s

b. Lower Bound. .
The mission continuation probability is given by

1T ]
J= Nl
MCPy = | & =C= SFyno| |1+ lei“a,n (6)
= i =

wvhere FJ,:L 1s the probability of failure in mission for all
elements of subsystem i in Phase J
im 1s the probability of fallure in missiun for nom-eeries
elements of subsystem i in Phase J
-} is the phase in question
n is the subsystem in question
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The probability of getting through a phase from phase one is given by:

pn J= ] J=u
PGTy, = Tr oxp ¢- zFJoP 1+ ZFJ’P (7
Pl L J=1 J=1
where Fy,4 is the probability of failure in mission for all

slements of subsystem i in Phase J

F 3,4 Le the probability of fallure in mission for non-series
elements of subsystem i in Phase }

n is the phase in question

n is the total lnumber of subsystems

The reliability of a phase m is given by the quotient (from Equation 7)

ROPH, = rrl 8
-

Py = R, (e

Note that ROPH, = PGT,

The probability of getting half way through a phase m, from phase 1lis

obtained by
pon J=-1 N J=n-1
HARWAT, = [ | om0 ¢ - ng,p +3Fuplo| 2t 2"3.» +ghnp
o § J=1 3=
(9)
- 35 =
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where Fy,4 is the probability of failure in mission for all
elements of subsystem i in phase )
9.1.1. is the probability of fallure in mission for non-series
elements of subsystem i in phase ]
o is the phasé in question
n is the total number of subsystems

The number of aborts caused by subsystem i in phase § is given by

o Jmn-1 J=mel
- l 8 1 -
Tr op ZFJ:P *3 Fo,p 1+ EFJ’P * % Fo,p||" F;l,n
p=1 Jul J=i
o1 Jmm-d L
1l + zpd’n + % Fm’n
J=1

(10)

whers Fj,i_i' the probability of failure in mission for all

elements of subsystem i in phase J

*J.i is the probability of failure in mission for non-series
eleuents of subsystem i in phase

?3 A is the probability of non-catastropiiic failure in
mission of subsystem i in phase J

a 1s the phase in question

n is the subsystem in question
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The peobability of safe abort is determined from

imn i
oxp -z%, 'ﬂ' 1*(‘.,9 exp 80y 0| | 2 + Gy i - 209
i=l qm)
L (aa)

A special case oscurs when the SPS fails., The abort fail.re probabile

ities 6f some other subsystems are modified. This modification is
shown in the following equation where GG and GG terms replaces G and G
terms 4f applicadble.

’mch iwm Gn

- ,1 "3 -

oxp 2100" . ;"-1 1+ n 1 o 80 x| | 2 + G, = 280,k

Y (l " ﬁn’k (11b)

whers Gy,4 1is the probability of failure in abort for all
elements of subsystem i in phase J
63’1 is the probability of failure in abort for all non-series
elenentaof subsystem 4 in phase
Ac'd.i is the additional abort failure probability of sube
system 4 which failed during mission in phase §
0Gy,4 and 663.1 are the modified abort failure probabilities of sub-
systez 4 dus to SPS failure in phase J
n is the total number of subsystems

- 37 -
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- is the phase in question
k is the subsystem in question

The number of safe aborts per subsystem in any phase is given by the
roduct of the two values just calculated

o] [

where a ie the phase in question
k is the subsystem in question

The ocontribution of multiple failures of all other subsystems to crew
fatality in the abort mode is given by

where GJ.:. is the probability of failure in abort for all
elenants of subsystem i in phase )
85,4 4is the probability of fallure in abort for all non-
series elements of subsystem i in phase
n 18 the total number of subsystems
n is the phase in question
is the subsystem in question

« 38 -
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The number of abort failures caused by the same subsystem that falled
in mission is determined from

LW

AFSSy i = HAFWAY,

"y (m)

o]

A special case cccurs when the SPS fails the abort failure
probabilities of some other subsystems are modifed. This modification

is illustrated in the following equation

) i
APSSy i = HAFWAY, q_lgi.k 1. 1_;%_”‘_!.5
1+ zi‘d’k + 2 Fﬂ,k
L\ | .
ng Ny (JJ.b)
oo

- 39 -
SID66-744




Factor "G" is the probability of getting halfway through a phase

(Equation 9)

Factor "H" is the probability that one half the multiple failures
will be fatal to the crew (from Equation 13)

where Gj,i
Gy,q
o6y 4
Fi
Fia

00y 4 and G4

is the probadbility of failure in abort for all

elenants of subsystem i in phase J

is the probability of failure in abort for all non-series
elements of subsystem i in phase j

is the additional abort failure probability of sub-
system i which falled during mission in phase j

is the probability of failure in mise‘on for non-series
elenents of subsystem i in phase j

is the probability of non-catastrophic failure in
mission of subsystem i in phase J

are the modified abort failure probabilities of sub-
mtniduotocSPSfdluroinpluua

The number of abort failures caused by a subsysten that did not cause
the abort is given by

SID 66-77‘71747”



- ~ -
L™ Fl F‘
n,l m,L
AFDS = HAFWA L) -1. 2
m,k Ta &Zl J-n-l -1
! - 9 41 s
MFAMG i
l- _......--a- 1 - ep(-Gyy 1+¢m
tlu“
A special case occurs when the SPS fails. The abort fallure
probabilities of scme other subsystems are modified as shown below,
i 1T )
i )
1 = MFAM, o X Fa L
AFDSp ¢ = HAFWAY, |1 - 2 ' Zl Jw-1 R -
v - 3
1+ S tita,
" J 1Lk J=1 4
ngu i o
o T p— 1‘1 d . 1- - —
Fl Fl
m,k -} .
™ = Jem-1 1'“P<~Gn,k} L+ Gyl
l+ zidk"'i!'nk 1+ EFd’rdv!F‘r
| = J L == JIL L L i
pu “ar 4 Mr -
r;Ll' 1 [
(= - Q= Qg f |1 + U,
1+ SF, +%F (250)
2 v T2 n,r
L =1 JL . /d L -
4] -
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IR T T R I TR =

e O

Pactor "G" is the probability of getting halfway through a phase

(Equation 9)
Factor "H" is the probability that one half of the multiple failures

will be fatal to the crew (from Equation 13)

vhere Gd,i is the probability of failure in abort for all

elemants of subsystem i in phase J

is the probability of fallure in abort for all non-

series elements of subsystem i in phase J

is the additional abort failure probability of sub-

systen i which failed' during mission in phase §

F is the probability of fallure in mission for non-series
eleents of subsystem i in phase

¢ 1s the probability of non-catastropitlc failure in
mission of subsystem i in phase J

00y,q and 88y,  are the modified abort failure probabilities of sub-

system 1 due to a SPS failure in phase J

Gy,a

LR

The approxizate true value of the failure probability is obtained by
mmlmomtofmmduotofmwmumﬂwot
the probability of fallure

S =] - (l-m)(l-m)
\/jmo 1) (X 6)
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Input Data
Card No. 1 Conmients

Progran data description from this card is printed at the tope of each

output page. Comments, program titles, test block number, date, etc.
may occupy columns 1 - 80, Centering the commsent on the card will
center the comment on the output page.

Card No. 2 Data Sige

c.C.
1 -12 Number of Phases (right adjusted) 30 maximum

23 -2, Number of Subsystems (right adjusted) 25 maximm
Card Group No. 3 Subsystem Natss

Subsystem namse abbreéviations are written one on each card in
columns 1 - 12, There should be a subsystem name card for each sub-
system and should be queued in the same order as the input daﬁc.

Card No. 4 Control

c.c.

l-8 Must contain all 9's
This card separates the subsystem name cards from the upper bound
input data cards.

Card Group No. 5 Upper Bound Data

8.0,

l-12 Mission Failure Probability
13 - 2 Abort Fallure Probability
25 - 0 Mission Failure Probability (non-catastrophic)

- 43 -
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31 - 36 Additional Abort Iailure Probability

37 - 48 Modified Abort Failure Probability (SPS Failure)
73 SPS Baclkup Indicator
1 for RCS
2 for LEM
T = 76 Phase Number (right adjusted)
7 - 80 Subsystem Number (right adjusted)

There should be a card for each subsystem in each phase. The cards
may be in any oxder.

Card No. 6 Control
c.c.
l-8 Must contain all 9's
This card separates the upper bound data from the lower bound data.

Card Group No. 7 Lower Bound Data
c.c.
l-8 Mission Failure Probability All Elements
9 - 16 Mission Failure Probability All Non-Series Elements
17 - 2, Abort Failure Probability All Elements
25 - 32 Abort Failure Probability A1l Non-Series Elemsnts
3B3-10 Mission Failure Probability Non-Catastrophic
Wl - A48 Modified Abort Failure Probability
k9 - 56 Nodified Abort Failure Probability
57 = 64 Additional Abort Failure Probablility
73 SPS Baakup Indiocator
1 for RCS
2 for LIM
- 44 -
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U - 76 Phase Nusber (right adjusted)

- & Phase Number (right adjusted)

There should be & card for each subsystem in sach phase.
may be in any order.

Card No..8.. Control
This card terminates the data read.

Appendices
Appendix I - Deck Setup
Appendix II -~ Sample Dats
Apperdix III - Samplet Output

- 45 -
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ALL NINES CARDY9

LOWER BOUND MATA
ALL NINES CARD %6

UPPER BOUND DATA®S
ALL NINES CARD %4

/PISE SURSYSTEU

/" TITLE CARD #|

>

- REAM
\ (OBJECT DECK)

AN
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FORTRAN WORK SHI

DECK NO. PROGRAMMER —. DA

FOR PROGRAM NO. TITLE

mm
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Appendix II
| WORK SHEET

S— DATE - PAGE Of — 408 NO.

: 8Y DEPY. GROUP

IDENTYIFICATION

40 50 &0 70 73 80
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